Severe hypoglycemia causes neuronal death and cognitive impairment. Evidence suggests that hypoglycemic neuronal death involves excitotoxicity and DNA damage. Poly(ADP-ribose) polymerase-1 (PARP-1) normally functions in DNA repair, but promotes cell death when extensively activated by DNA damage. Cortical neuron cultures were subjected to glucose deprivation to assess the role of PARP-1 in hypoglycemic neuronal death. PARP-1 Ϫ/Ϫ neurons and wild-type, PARP-1 ϩ/ϩ neurons treated with the PARP inhibitor 3,4-dihydro-5-[4-(1-piperidinyl)butoxy]-1(2H)-isoquinolinone both showed increased resistance to glucose deprivation. A rat model of insulininduced hypoglycemia was used to assess the therapeutic potential of PARP inhibitors after hypoglycemia. Rats subjected to severe hypoglycemia (30 min EEG isoelectricity) accumulated both nitrotyrosine and the PARP-1 product, poly(ADP-ribose), in vulnerable neurons. Treatment with PARP inhibitors immediately after hypoglycemia blocked production of poly(ADP-ribose) and reduced neuronal death by Ͼ80% in most brain regions examined. Increased neuronal survival was also achieved when PARP inhibitors were administered up to 2 hr after blood glucose correction. Behavioral and histological assessments performed 6 weeks after hypoglycemia confirmed a sustained salutary effect of PARP inhibition. These results suggest that PARP-1 activation is a major factor mediating hypoglycemic neuronal death and that PARP-1 inhibitors can rescue neurons that would otherwise die after severe hypoglycemia.
Introduction
Hypoglycemic brain injury is a common and serious complication of insulin therapy. Not surprisingly, hypoglycemic brain injury occurs most frequently in patients attempting tight glucose control (Davis et al., 1998) . The only treatment for hypoglycemia is blood glucose repletion, and there is no currently available intervention for preventing the neuronal death that develops after hypoglycemia is corrected.
Certain neuronal populations are especially vulnerable to hypoglycemia, specifically neurons in the CA1, subiculum, and dentate gyrus of the hippocampus, and neurons in the outer layers of the cortex (Auer and Siesjo, 1993) . These neurons receive a rich glutamatergic innervation, and evidence suggests that hypoglycemic injury in these neurons is precipitated almost entirely by sustained glutamate receptor activation (excitotoxicity) . Hypoglycemia causes several-fold elevations in brain extracellular glutamate and aspartate concentrations, and ablation of presynaptic glutamatergic terminals can prevent hypoglycemic neuronal death Butcher et al., 1987) . Pretreatment with glutamate receptor antagonists can also reduce hypoglycemic neuronal death (Wieloch, 1985) , but these agents are less effective when administered after hypoglycemia has occurred (Nellgard and Wieloch, 1992 ). An additional limitation to the use of glutamate receptor antagonists in clinical settings is that these agents are themselves neurotoxic (Olney et al., 1989) .
Poly(ADP-ribose) polymerase-1 (PARP-1) is a key downstream mediator of glutamate excitotoxicity (Cosi et al., 1994; Zhang et al., 1994; Mandir et al., 2000) . The poly(ADP-ribose) polymerases (PARPs) are a family of enzymes that use the ADPribose groups in NAD ϩ to form branched ADP-ribose polymers on specific acceptor proteins in the vicinity of DNA strand breaks or kinks (Burzio et al., 1979; D'Amours et al., 1999) . PARP-1, the most abundant of these family members, normally functions in DNA repair, but extensive PARP-1 activation can promote cell death through processes involving energy depletion and release of apoptosis-inducing factor (Ha and Snyder, 1999; Ying et al., 2002; Yu et al., 2002) . Sustained action of glutamate at neuronal NMDA receptors leads to the production of peroxynitrite and other reactive oxygen species that damage DNA and activate PARP-1 (Dugan et al., 1995; Beckman and Koppenol, 1996 ; Bindokas et al., 1996; Mandir et al., 2000) . Accordingly, PARP inhibitors have been shown to markedly reduce neuronal sensitivity to glutamate in cell culture preparations (Cosi et al., 1994; Mandir et al., 2000; Ying et al., 2001) . Studies using animal models have similarly shown that PARP-1 inhibitors or gene disruption can reduce injury resulting from brain ischemia and trauma, which leads to glutamate neurotoxicity and oxidative stress (Eliasson et al., 1997; Endres et al., 1997; LaPlaca et al., 2001; Virag and Szabo, 2002) .
In this study we investigated the possibility that hypoglycemic brain injury may be uniquely amenable to treatment with PARP inhibitors because, unlike ischemia and trauma, hypoglycemia produces an injury that is precipitated almost entirely by glutamate receptor stimulation. The findings suggest that PARP-1 activation is an important mediator of hypoglycemic neuronal death and that PARP inhibitors can be highly effective in preventing neuronal death when administered after hypoglycemia.
Materials and Methods
All studies were performed in accordance with protocols approved by the San Francisco Veterans Affairs Medical Center animal studies subcommittee. Rats were housed two per cage under conditions of constant temperature (18°C), light from 6:00 A.M. to 6:00 P.M., and ad libitum access to food and water except where noted otherwise. Reagents were obtained from Sigma-Aldrich (St. Louis, MO) except where noted otherwise.
Cell cultures. Cortical cultures were prepared as a mixture of neurons and astrocytes. Astrocyte cultures were prepared from cortices of 1-d-old wild-type (WT) Swiss-Webster mice (Simonsen, Gilroy, CA), as described previously (Ying et al., 2000) , and plated on glass coverslips or 24-well Falcon culture plates. At confluence (day 12-15), cultures were used as plating surface for embryonic neurons. Embryonic (day 16) mouse forebrain cortices from either WT or PARP-1 Ϫ/Ϫ mice (Wang et al., 1995) were dissociated as described previously (Ying et al., 2000) and plated on the confluent astrocyte cultures at a density of 1 ϫ 10 6 cells/ cm 2 . The cocultures were maintained in astrocyte-conditioned medium prepared by incubating Eagles Minimal Essential Medium (Invitrogen, Gaithersburg, MD) containing 5% fetal bovine serum (Hyclone, Logan, UT) with astrocyte cultures for 48 hr. Final glucose concentration was ϳ5 mM. Partial medium exchanges were made twice weekly. The cultures were used at neuronal day 15-17 in vitro.
Glucose deprivation in vitro. Experiments were initiated by replacing the culture medium with a balanced salt solution (BSS). The BSS contained (in mM): 3.1 KCl, 134 NaCl, 1.2 CaCl 2 , 1.2 MgSO 4 , 0.25 KH 2 PO 4 , 15.7 NaHCO 3 , with or without 2 glucose. The pH was adjusted to 7.2 while the solution was equilibrated with 5% CO 2 at 37°C. Osmolarity was verified at 290 -310 mOsm with a Wescor vapor pressure osmometer (Logan, UT). Drugs were added from concentrated stocks prepared in BSS immediately before use and adjusted to pH 7.2 when necessary. Glucose deprivation was initiated by two washes in glucose-free BSS. The cultures were then incubated at 37°C in a 5% CO 2 atmosphere until termination of glucose deprivation with 2 mM glucose. (Normal brain extracellular glucose concentration is 1-2 mM.) Drugs remained in the BSS until the cells were harvested for immunostaining or cell death determinations.
Cell death determinations. Neuron death in the astrocyte-neuron cultures was assessed by propidium iodide fluorescence at 18 -24 hr after glucose restoration. Neurons were distinguished from the underlying astrocyte layer by their phase-bright, process-bearing morphology (Ying et al., 1999) . Both the fluorescing dead neurons and nonfluorescing live neurons were counted, in a blinded manner, in four randomly picked optical fields. At least 400 neurons were counted in each well, and results from each well were expressed as percentage of neuronal survival.
Animal surgery and hypoglycemia. Procedures were adapted from those of Wieloch et al. (1984) . Male Sprague Dawley rats (250 -350 gm) were fasted overnight. Anesthesia was induced with 3% isoflurane in a 75:25 mixture of nitrous oxide and oxygen (Air Liquide America, Houston, TX). After intubation, rats were ventilated with a small animal respirator (Harvard Apparatus, South Natick, MA), and isoflurane content was reduced to 1%. The rats were kept under anesthesia during induction of hypoglycemia, during EEG isoelectricity, and for 3 hr after onset of glucose infusion to permit monitoring and control of temperature, blood pressure, and blood glucose concentration. A femoral artery line was placed for blood sampling and for blood pressure monitoring. Blood gases were measured at 1 hr intervals using an I-STAT machine (I-STAT, Princeton, NJ). Tidal volume and oxygen flow were adjusted to keep Pa CO 2 between 35 and 45 mmHg and Pa O 2 above 100 mmHg. Blood pressure and EEG were monitored continuously (BIOPAC System Inc., Santa Barbara, CA). For EEG monitoring, burr holes were made in the skull bilaterally over parietal cortex, and monopolar electrodes were placed beneath the dura. A reference needle was placed in neck muscle. A heating blanket/rectal probe servo-loop was used to maintain core temperature at 36.5-37.5°C until the rats had recovered from anesthesia, at which time they were euthermic. Hypoglycemia was induced by intraperitoneal injection of 15 U/kg of regular insulin (Novolin-R; Novo Nordisk, Princeton, NJ). Blood glucose was measured with a YSI 2700 glucose analyzer (YSI, Yellow Springs, OH) at 30 min intervals during induction of hypoglycemia and at 60 min intervals during recovery from hypoglycemia. Mean arterial blood pressure was maintained between 160 and 200 mmHg during the entire isoelectric period by adjusting the isoflurane concentration, and bradycardia during hypoglycemia was prevented with atropine (1 mg/kg; American Pharmaceutical Partners, Los Angeles, CA). Hypoglycemia was terminated by injection of 0.2 ml of 50% glucose via the femoral vein, followed by continuous infusion of 1:1 solution of 50% glucose and Krebs'-Henseleit buffer (1.5 ml/hr for 3 hr). This was supplemented by 1 ml of 25% glucose by intraperitoneal injection at 1 and 3 hr after beginning the intravenous glucose infusions. Rats were monitored under anesthesia for 3 hr after onset of glucose infusion. Anesthesia was discontinued after removal of the arterial and venous catheters, and the rats were returned to their cages when fully awake and ambulatory. Seizure activity was observed in 2 of 26 rats subjected to 45 min of isoelectric hypoglycemia and in 0 of 180 rats subjected to 30 min of isoelectric hypoglycemia. Rats with seizures were excluded from data analysis. The PARP inhibitors 3-aminobenzamide (3-AB) (SigmaAldrich) or 1,11b-dihydro-[2H] benzopyrano [4,3,2-de] isoquinolin-3-one (GPI 6150) (Guilford Pharmaceuticals, Baltimore, MD) were administered to the rats by intravenous or intraperitoneal injection, respectively, at the time of blood glucose correction or at designated later time points. 3-AB was dissolved 30 mg/ml in 10% ethanol, and GPI 6150 was dissolved 40 mg/ml in dimethyl sulfoxide (DMSO). The neuronal nitric oxide synthase (nNOS) inhibitor, 7-nitroindazole (7NI) (SigmaAldrich), was injected 50 mg/kg intraperitoneally 15 min after onset of EEG isoelectricity. 7NI was dissolved in peanut oil by sonication, 50 mg/ml (Yoshida et al., 1994) . Control animals for these studies received the peanut oil vehicle only.
Histology. Rats were killed 7 d or 6 weeks after surgery. For hematoxylin-eosin staining, coronal 20 m frozen sections were prepared, fixed in 70% ethanol, and conventionally stained (Suh et al., 2000) . To quantify neuronal death, we collected five coronal sections from each animal 7 d after hypoglycemia, beginning 4.0 mm posterior to bregma and spaced 240 m apart. A blinded observer counted the number of eosinophilic cells in the hippocampal CA1 cell field, subiculum, dentate gyrus, and perirhinal cortex in both hemispheres of each rat. A 10ϫ microscopic field was centered on the structure of interest, and the number of eosinophilic neurons in the field was recorded for each section. Data from each animal were expressed as the mean number of degenerating (eosinophilic) cells per section. For Fluoro-Jade B staining, rats were transcardially perfused with a 0.9% saline flush followed by 4% paraformaldehyde (PFA) for 10 min, postfixation in 4% PFA for 1 hr, and then immersion in 30% sucrose for 24 hr. Coronal 20 m sections were prepared on a cryostat and stained with Fluoro-Jade B (Histo-Chem Inc., Jefferson, AR) as described previously (Schmued and Hopkins, 2000) . Fluoro-Jade B identifies degenerating cells in a manner similar to silver staining, probably by binding to multiple positive charge groups (Schmued and Hopkins, 2000) . Fluorescent (degenerating) cells were detected with blue light (450 490 nm) excitation and a 515 nm barrier filter.
Immunostaining. Rats were killed at designated time points after hy-poglycemia and transcardially perfused with a 0.9% saline flush followed by 4% PFA for 10 min. Brains were postfixed in 4% PFA for 1 hr, followed by 30% sucrose for 24 hr. Coronal 60 m sections were prepared and immunostained as described previously (Ying et al., 2001) , with modifications. Sections were blocked and permeablized with 10% goat serum/ 0.1% Triton X-100 in pH 7.4 PBS. Mouse anti-poly(ADP-ribose) monoclonal antibody (Trevigen, Gaitherburg, MD) and rabbit antinitrotyrosine polyclonal antibody (Chemicon, Temecula, CA) were added at 1:2000 and 1:5000 dilutions, respectively, and incubated at 4°C overnight. After washing, sections were incubated with Alexa Fluor 488-conjugated goat anti-mouse or Alexa Fluor 594-conjugated goat antirabbit IgG (Molecular Probes, Eugene, OR) at 1:500 dilution for 1 hr at room temperature. The sections were mounted and photographed with a Leica confocal laser-scanning microscope. Negative controls were prepared by omitting the primary antibodies. Immunostaining for poly-(ADP)ribose in cell cultures was performed identically except that cultures were fixed in ice-cold 10% trichloroacetic acid, dehydrated in ethanol, and air dried. Propidium iodide was applied to the cultures after fixation to obtain nuclear staining. Behavioral assessments. Rats were treated with hypoglycemia, hypoglycemia followed by 3-AB, or sham surgery. Six weeks later the rats were assessed by the Morris water-maze task to evaluate spatial learning and memory (Morris, 1984) . A total of 24 rats were studied, prepared as three groups of 8 rats. To minimize the effects of social influences on behavior, rats were housed individually in the testing room beginning 3 d before testing. As a first step, spontaneous open field activity was assessed to establish any locomotor differences. Rats were placed individually in a Plexiglas enclosure (40 ϫ 40 inches) equipped with two rows of infrared photocell panels interfaced with a computer (Hamilton Kinder, San Diego, CA). The bottom row detected horizontal exploratory activity, and the top row detected vertical exploratory activity or rearing. Light path breaks were recorded and assessed for measurements of the number of movements, active times, path length, and rearing events. On each of 3 consecutive days, open field activity was recorded for 10 min after an initial 1 min adaptation period. No significant differences were observed between the three treatment groups with respect to spontaneous open field activity.
Spatial learning and memory were tested in a circular pool (180 cm in diameter, 50 cm deep) filled with opaque water of constant temperature (24°C). The pool was divided into four quadrants, and the platform was always placed in the center of the designated quadrant. The rats were trained first to locate a visible platform (days 1-2) and then to locate a hidden platform (days 3-5). In a subsequent trial, the hidden platform was removed (probe trial, day 5). During the visible training, the platform was rotated clockwise to a new quadrant in each session. The platform remained in the same quadrant throughout all the sessions during hidden platform training. The rats received two training sessions per day for 5 consecutive days. Each session consists of three 1 min trials with a 10 min intertrial interval. The interval between the two daily sessions was 3 hr. Once the rats located the platform they were allowed to remain on it for 10 sec. Rats that failed to find the platform within 1 min were manually placed on the platform for 15 sec. Time to reach the platform (latency), distance traveled, and swim speed were recorded with an EthoVision video tracking system (Noldus Information Technology, Leesburg, VA) set to analyze two samples per second. Two rats were excluded from the analysis because of slow swim speed (Ͻ10 cm/sec) and significant periods of passive floating. Both of these rats had been randomized to the sham surgery group.
Statistical analyses. Data are expressed as means Ϯ SEM. The watermaze data (swim speed and time to platform) were analyzed by mixedmodel regression using SAS version 9 Proc MIXED (SAS Institute, Cary, NC), followed by post hoc tests adjusted for multiple comparisons when appropriate. All other data were assessed by one-way ANOVA followed by either the Tukey-Kramer test for multiple comparisons between groups or the Dunnett's test for comparisons of multiple groups against a control group.
Results

PARP inhibition attenuates neuronal cell death caused by glucose deprivation in vitro
Glucose deprivation caused neuronal death in a time-dependent manner, with Ͼ90% of neurons in the WT cultures killed by glucose-free intervals of 5 hr or longer (Fig. 1 A) . Astrocytes in these cultures showed no cell death, as judged by propidium iodide exclusion. The sensitivity to glucose deprivation was re- Ϫ/Ϫ and WT mice, assessed 18 hr after the designated intervals of glucose deprivation. B, Effect of the PARP inhibitor DPQ on survival of WT neurons exposed to 5 hr of glucose deprivation. DPQ remained in the culture medium until cell death was assessed (24 hr). C, Confocal images showing poly(ADP-ribose) formation in WT neurons after sham washes (control) and after 5 hr glucose deprivation. Poly(ADP-ribose), detected by immunostaining (green), was increased by glucose deprivation; this increase was blocked by DPQ. Neuronal nuclei are counterstained with propidium iodide (red). Yellow color in the overlaid images indicates poly(ADP-ribose) in the nuclei. n ϭ 3-4; **p Ͻ 0.01. The photomicrographs are representative of three independent experiments. duced in neurons prepared from PARP-1 Ϫ/Ϫ mice. To exclude the possibility that this difference was caused by some other property of the PARP-1 Ϫ/Ϫ neurons, we tested the effect of the PARP inhibitor 3,4-dihydro-5-[4-(1-piperidinyl)butoxy]-1(2H)-isoquinolinone (DPQ) in WT neurons subjected to glucose deprivation. As shown in Figure 1 B, 25 M DPQ reduced neuronal death to an extent similar to that observed with PARP-1 Ϫ/Ϫ neurons. To directly confirm that glucose deprivation causes PARP activation, cell cultures were immunostained for the presence of poly(ADP-ribose), the enzymatic product of PARPs. Poly(ADPribose) was undetectable under control conditions but prominent in neuronal nuclei after 5 hr of glucose deprivation (Fig. 1C) . Poly(ADP-ribose) accumulation was suppressed almost completely in cultures treated with DPQ.
Hypoglycemia-induced neuronal death in vivo
We used a rat model of insulin-induced hypoglycemia because reproducible hypoglycemic brain injury is difficult to achieve in the mouse. Because plasma glucose concentrations provide only a rough correlation with brain glucose concentrations and ultimate brain injury, fixed intervals of EEG isoelectricity were used to generate a reproducible injury pattern (Auer et al., 1984a; Friberg et al., 1998) . As shown in Figure 2 , the EEG patterns passed through progressive stages characteristic of severe hypoglycemia. The isoelectric EEG pattern developed after blood glucose concentrations had fallen below 0.5 mM for several minutes. EEG recovery began 12-15 min after onset of glucose infusion.
Hematoxylin-eosin staining of brain sections prepared 7 d after hypoglycemia showed that 30 min of hypoglycemiainduced EEG isoelectricity caused substantial neuronal death in the CA1 and subiculum regions of the hippocampus (Fig. 3) , the brain regions most vulnerable to hypoglycemic injury (Auer et al., 1984a,b) . A second marker, Fluoro-Jade B (Schmued and Hopkins, 2000) , was used to confirm the pattern of cell death observed with standard hematoxylin-eosin histology (Fig. 3A) .
PARP inhibitors reduce neuronal death after hypoglycemia in vivo 3-AB inhibits PARPs by competing with NAD ϩ at the catalytic site (Purnell and Whish, 1980; Virag and Szabo, 2002) . 3-AB was administered to rats at a dose of 30 mg/kg by intravenous injection after 30 min EEG isoelectricity, concurrent with intravenous infusion of glucose. Both the hematoxylin-eosin and the FluoroJade B staining methods showed a large reduction in hippocampal neuronal death in rats treated with the 30 mg/kg 3-AB (Fig.  3A) . Treatment groups did not differ with respect to blood glucose concentrations before, during, or after hypoglycemia (Table  1) , and sham-treated rats given glucose along with insulin to prevent hypoglycemia showed no neuronal death (data not shown). The effect of 3-AB on neuronal survival was maximal at 30 mg/kg (Fig. 3B) . At this dose, neuronal death was reduced by 90 Ϯ 9% in the CA1 region and 85 Ϯ 9% in the subiculum compared with rats receiving glucose alone.
To determine whether this neuroprotective effect would also be obtained with more severe hypoglycemic injury, we extended the isoelectric period from 30 to 45 min in a second group of rats. Hypoglycemia of this duration killed Ͼ70% of the neurons in both the CA1 and subiculum regions, but the neuroprotective effect of 3-AB was not diminished (Fig. 3C) . We also tested the effect of 3-AB when administered at time points after glucose correction because, in the emergency care setting, drug treatment might often be delayed until after glucose infusion has begun. These studies showed significant reductions in CA1 hippocampal neuron death with 3-AB treatment delayed for up to 2 hr after blood glucose correction (Fig. 3D) .
Neurons in the outer layers of cerebral cortex and hippocampal granule cells are also highly vulnerable to hypoglycemic injury (Auer and Siesjo, 1993) . 3-AB (30 mg/kg) also reduced death in these cell populations (Fig. 4 A) . Survival of cortical neurons, like hippocampal CA1 and subiculum neurons, was improved by 3-AB administration up to 2 hr after blood glucose correction ( Fig. 4 B) ; however, this was not true of the dentate granule cells, in which 3-AB added at time points of 1 hr or longer after glucose correction had no significant effect on cell survival.
Hypoglycemia studies were also performed in a separate group of rats using GPI 6150 to confirm that the neuroprotective effects of 3-AB were caused by PARP inhibition and not some other action that could influence neuronal survival. GPI 6150 is a more potent PARP inhibitor that is chemically unrelated to 3-AB (Zhang et al., 2000; LaPlaca et al., 2001; Southan and Szabo, 2003) . GPI 6150 produced large reductions in hypoglycemic neuronal death in both the CA1 and subiculum regions (Fig. 5 A, B) , similar to that observed with 3-AB. To assess the long-term prevention effects of 3-AB on hypoglycemia-induced neuronal cell death, brains from a separate group of rats (the rats used for behavioral studies) were harvested 7 weeks after the hypoglycemia. Hematoxylin-eosin staining of sections from these brains showed atrophy and loss of neurons in the CA1, dentate gyrus, and subiculum of the hippocampus and in layer II of the perirhinal cortex (Fig. 6 ). These changes were substantially attenuated in the rats treated with 3-AB after hypoglycemia, suggesting that neuronal death is prevented rather than simply delayed by this intervention.
Hypoglycemia induces poly(ADP-ribose) and nitrotyrosine formation in vulnerable neurons
The effect of the two dissimilar PARP inhibitors on neuron survival after hypoglycemia suggests that PARP activation is an important downstream mechanism of cell death after hypoglycemia. To directly confirm that hypoglycemia causes PARP activation, brains taken at serial time points after hypoglycemia were immunostained for the presence of poly(ADP-ribose) (Endres et al., 1997; Ying et al., 2001) , the enzymatic product of PARP, in the same manner as done with the cortical cell cultures. These studies demonstrated PARP activation in the neuron populations that are vulnerable to hypoglycemic injury. As shown in Figure 7A , poly(ADP-ribose) accumulation was increased only modestly in brains harvested immediately after termination of isoelectricity (0 hr) but became markedly increased by 3 hr after isoelectricity and declined slowly after that point. Poly(ADPribose) accumulation was reduced in rats treated with 30 mg/kg 3-AB at the time of glucose correction (Fig. 7A) . Poly(ADPribose) accumulation was not observed in glia, in neuronal populations not highly vulnerable to hypoglycemia, or in animals subjected to sham hypoglycemia (data not shown).
Previous studies suggest that peroxynitrite formation is an important link between glutamate receptor stimulation and PARP activation (Zhang et al., 1994; Szabo and Dawson, 1998; Mandir et al., 2000) . Nitrotyrosine is a useful marker of peroxynitrite formation (Beckman and Koppenol, 1996) . Evidence supporting a role for peroxynitrite as a link between glutamate excitotoxicity and PARP activation in hypoglycemia was provided here by nitrotyrosine immunostaining in sections from the same rat brains used for poly(ADP-ribose) immunostaining. Nitrotyrosine immunoreactivity was prominent in CA1 hippocampal neurons at 1 hr after glucose correction and became less apparent at later time points (Fig. 7B) . Double-label immunostaining for nitrotyrosine and poly(ADP-ribose) in CA1 neurons (Fig. 8 A) showed that almost all CA1 neurons immunoreactive for nitrotyrosine were also immunoreactive for poly(ADP-ribose). These markers were also examined in piriform cortex, which is less vulnerable to hypoglycemic injury. In contrast to CA1, neurons in layers 3 and 4 of piriform cortex showed only modest nitrotyrosine and barely detectable poly(ADP-ribose) immunoreactivity (Fig. 8 B) , consistent with the relative vulnerability of these structures to hypoglycemic injury. Intraperitoneal injection of the neuronal nNOS inhibitor 7NI (50 mg/kg) during the isoelectric EEG period blocked both nitrotyrosine formation and poly(ADP-ribose) accumulation in the CA1 hippocampal area when evaluated at 2 hr after hypoglycemia (Fig. 8C) . 7NI also showed significant neuroprotective effects in the hippocampus and cerebral cortex when evaluated at 7 d after hypoglycemia (Fig. 8 D) , suggesting that nNOS activation is a key intermediary step between hypoglycemia and PARP activation.
PARP inhibition prevents spatial learning and memory deficits after hypoglycemia
Rats that had been subjected to hypoglycemia were not distinguishable from shamoperated rats with respect to spontaneous activity or locomotor speed, but significant learning and memory deficits were identified with behavioral testing 6 weeks after the hypoglycemia. These rats were slower to find the platform during the visible platform trial of the water maze and slower to learn the position of the platform during the hidden platform trial (Fig. 9A ). Rats treated with 3-AB after hypoglycemia did not show any significant deficit in their ability to locate the platform compared with sham-operated animals during either the visible or hidden platform trials ( p ϭ 0.80 and 0.44, respectively). There was no significant difference in swim speed among the treatment groups during visible or hidden platform sessions ( p ϭ 0.11 and 0.96, respectively). After the hidden platform training, rats were subjected to a probe trial, a putative measure of memory retention. In the probe trial, both the sham-operated and 3-AB-treated animals showed memory retention and spent significantly more time searching in the target quadrant than in any other quadrant ( p Ͻ 0.005 and Ͻ 0.05, respectively), whereas the hypoglycemic rats not treated with 3-AB failed to spend significantly more time searching in the target quadrant (Fig. 9B) .
Discussion
Hypoglycemic neuronal death is not a direct and immediate consequence of low-energy substrate but results instead from a cascade of events precipitated by the lack of substrate. Sustained activation of glutamate receptors has been established as a necessary upstream event in this cascade (Auer and Siesjo, 1993) . The results of the present study suggest that PARP activation is an important downstream mediator of hypoglycemic neuronal death and a target for therapeutic intervention.
PARP activation was demonstrated by the accumulation of poly(ADP-ribose) in both cell culture and in vivo models of hy- Figure 3 . Hypoglycemic damage to hippocampal CA1 and subiculum is reduced by 3-AB. A, Photomicrographs of hippocampal cell fields from rats subjected to 30 min of isoelectric hypoglycemia show numerous degenerating (dead) neurons, identified as pyknotic, pink-red cells with hematoxylin-eosin staining, and as fluorescent cells with Fluoro-Jade B staining. Rats treated with 30 mg/kg of the PARP inhibitor 3-AB at the time of glucose correction sustained less neuronal death in both the CA1 (top panels) and subiculum (bottom panels). Scale bar, 100 m. B, The effect of 3-AB was dose dependent, with maximal efficacy at 30 mg/kg. C, Increasing the isoelectric period from 30 to 45 min produced more extensive neuronal death in both the CA1 and subiculum but did not diminish the effect of 3-AB. D, 3-AB also reduced neuronal death when administered hours after correction of hypoglycemia. n ϭ 3-8 for each condition. *p Ͻ 0.05 versus no 3-AB.
poglycemia and by the suppression of poly(ADP-ribose) accumulation by PARP inhibitors. Poly(ADP-ribose) accumulation has similarly been used as a marker of PARP activation after brain ischemia (Tokime et al., 1998; Love et al., 1999) . Poly(ADP)-ribose immunoreactivity was seen in the cytosol as well as in the nucleus at later time points after hypoglycemia (Fig. 7) . This pattern has been observed in other settings (Tokime et al., 1998 The immunostaining approach can be used to identify cells in which significant PARP activation has occurred, but it cannot be used to quantify PARP activation because of the rapid and possibly variable rate of poly(ADP-ribose) turnover (AlvarezGonzalez and Althaus, 1989; Jacobson and Jacobson, 1999; Ying et al., 2001) . The effects of PARP inhibitors provide a more quantitative measure of the importance of PARP activation on hypoglycemic neuronal death. In cell culture, both PARP-1 Ϫ/Ϫ neurons and WT neurons treated with the PARP inhibitor DPQ showed increased resistance to glucose deprivation. The roughly equivalent effects of PARP-1 gene knock-out and the general PARP inhibitor DPQ suggest that PARP-1 is the major PARP family member mediating hypoglycemic neuronal death. A, Photomicrographs of dentate granule (DG) cell and perirhinal cortex (Ctx) fields from rats subjected to 30 min of isoelectric hypoglycemia show numerous degenerating (dead) neurons, as evidenced by shrunken cell bodies stained dark red. Rats treated with 30 mg/kg of the PARP inhibitor 3-AB at the time of glucose correction sustained less neuronal death in both the dentate granule cell area (top panels) and cortex (bottom panels). Scale bar, 100 m. B, 3-AB also reduced the death of cortical neurons but not dentate granule cell neurons when administered at time points after blood glucose correction. n ϭ 3-8 for each condition. *p Ͻ 0.05 versus no 3-AB.
Figure 5. The PARP inhibitor GPI 6150 reduces neuronal death after hypoglycemia. A, Photomicrographs show degenerating hippocampal neurons in rats treated with glucose or with glucose plus GPI 6150 after 30 min of hypoglycemic isoelectricity. Both groups also received the DMSO vehicle used to deliver GPI 6150. Scale bar, 100 m. B, Quantification of neuronal death showed the effect of GPI 6150 to be significant in both CA1 and subiculum cell fields. n ϭ 7-9 for each condition. *p Ͻ 0.05 versus DMSO alone.
Comparable results were obtained in the rat model of hypoglycemic brain injury. The pattern and extent of neuronal injury induced by hypoglycemia were similar to that reported previously (Auer et al., 1984a; Friberg et al., 1998) . The PARP inhibitor 3-AB reduced neuronal death by Ͼ85% in the cortex, CA1, and dentate granule cell fields and by Ͼ50% in the subiculum. The structurally unrelated PARP inhibitor, GPI 6150, showed similar efficacy in regions where the two agents were compared. Moreover, the effect of 3-AB on neuronal survival is not unique to the injury pattern produced by the 30 min isoelectric interval because a comparable effect was observed when the isoelectric interval was extended to 45 min (Fig. 3C) . It is likely that these results may underestimate the role of PARP activation in hypoglycemic neuronal death because the PARP inhibitors were administered only after the hypoglycemic intervals and consequently were not active in the rat brains during the period of EEG isoelectricity.
Histological assessments were also performed at 7 weeks after hypoglycemia in the rats used for behavioral and cognitive studies. The assessments at this later time point, like those at the 7 d time point, showed neuronal loss to be substantially attenuated in rats treated with 3-AB, suggesting that neuronal death was prevented rather than simply delayed by this intervention. Behavioral and cognitive assessments are useful adjuncts to histological end points because interventions that preserve neuronal survival may not necessarily preserve normal neuronal function (Corbett and Nurse, 1998) . The brain regions most vulnerable to hypoglycemia are important for learning and memory. Accordingly, patients who recover from severe hypoglycemia may be left with difficulties in cognition, particularly short-term memory, out of proportion to their gross motor disability (Langan et al., 1991) . The behavioral studies presented here showed this pattern to hold for the rat model also. The rats showed no impairment in locomotion but did exhibit deficits in a standard measure of learning and spatial memory. These findings validated the utility of the rat model and permitted assessment of the effects of PARP inhibitor on the cognitive deficits. Rats treated with 3-AB after hypoglycemia exhibited much better performance in the cognitive testing than did rats treated with glucose alone. Together, the behavioral and histological studies performed 6 -7 weeks after hypoglycemia suggest that the neuroprotection provided by PARP inhibition leads to long-lasting preservation of neuronal survival and function.
Previous studies have identified peroxynitrite as an important intermediate between glutamate receptor activation and PARP activation (Zhang et al., 1994; Tokime et al., 1998; Mandir et al., 2000) . Glutamate or aspartate activation of neuronal NMDAtype glutamate receptors leads to production of nitric oxide and superoxide, which combine to form peroxynitrite and related species with high reactivity toward DNA and other cell constituents (Zhang et al., 1994; Beckman and Koppenol, 1996; Bindokas et al., 1996; Szabo et al., 1996) . Nitrotyrosine is produced as a result of peroxynitrite reaction with tyrosine residues and thus serves as a useful marker for peroxynitrite formation (Beckman and Koppenol, 1996) . In the present study, nitrotyrosine immunoreactivity was induced by hypoglycemia in the same CA1 neuron population that accumulated poly(ADP-ribose) and was rescued by PARP inhibitors after hypoglycemia. In addition, administration of the nitric oxide synthase inhibitor 7NI (Yoshida et al., 1994; Tokime et al., 1998) reduced both nitrotyrosine and poly(ADP-ribose) accumulation and improved neuronal survival. Given the established role of glutamate excitotoxicity in hypoglycemic brain injury, the present results suggest that in hypoglycemia as in other settings, peroxynitrite formation is an Figure 6 . Long-term neuroprotective effects of 3-AB after hypoglycemia. A, Hematoxylineosin staining of brain sections harvested 7 weeks after sham hypoglycemia, 30 min of hypoglycemic EEG isoelectricity, or 30 min of hypoglycemic EEG isoelectricity followed by 30 mg/kg 3-AB. Hypoglycemia caused a loss of neurons in the CA1, subiculum, and dentate gyrus regions of the hippocampus and in layer II of perirhinal cortex. Sections from 3-AB-treated rats showed improved neuronal survival in each of these regions. B, Higher magnification of hippocampal CA1 pyramidal area shows 3-AB-treated rats to have nearly normal cytoarchitecture 7 weeks after hypoglycemia. Sections are representative of four rats. Scale bars, 100 m. Figure 7 . Hypoglycemia-induced poly(ADP-ribose) and nitrotyrosine formation in CA1 hippocampus. A, Poly(ADP-ribose) immunoreactivity was increased only modestly at the termination of 30 min of EEG isoelectricity (0 hr) but was increased markedly 3 hr after isoelectricity and declined slowly after that point. Poly(ADP-ribose) formation at 3 hr was reduced by administration of 3-AB at the time of glucose correction (3 hr ϩ 3AB). B, Nitrotyrosine formation in CA1 neurons was also negligible immediately after 30 min EEG isoelectricity but was robust by 1 hr after glucose correction. Photomicrographs are representative of three rats under each condition. Scale bar, 100 m.
important intermediate between glutamate receptor stimulation and PARP-mediated neuronal death.
Glutamate receptor antagonists effectively prevent neuronal death when administered before the onset of hypoglycemia but become substantially less effective when administered after hypoglycemia has already occurred (Wieloch, 1985; Nellgard and Wieloch, 1992) . Presumably this is because the cell death cascade triggered by glutamate receptor stimulation has already been set in motion. By contrast, the PARP inhibitor 3-AB produced large reductions in cell death when administered immediately after hypoglycemia and also exhibited significant effects in most brain regions when administered as long as 2 hr after blood glucose correction. This suggests that PARP activation continues in most brain regions for extended periods of time after blood glucose has been normalized. Given this efficacy of PARP inhibitors at delayed time points, it may be significant that both poly(ADPribose) and nitrotyrosine accumulation did not increase until after blood glucose concentrations were corrected, and further that poly(ADP-ribose) accumulation was nearly abolished by 3-AB administered at the time of blood glucose correction (Fig.  7) . The reason for the delayed appearance of these markers is not Figure 8 . Effects of 7NI on nitrotyrosine and poly(ADP-ribose) accumulation in hippocampal CA1 neurons after hypoglycemia. A, Double-label immunostaining for nitrotyrosine (red) and PAR (green) indicated that almost all CA1 neurons immunoreactive for nitrotyrosine were also immunoreactive for poly(ADP-ribose). Panels are representative of three rats in each group. Scale bar, 100 m. B, Neurons in layers III and IV of piriform cortex (PirCtx), which are relatively resistant to hypoglycemia, show less intense nitrotyrosine staining and barely detectable PAR staining after hypoglycemia. Sections are from the same brain as shown in A. Scale bar, 100 M. C, Hypoglycemia increased both nitrotyrosine and PAR immunoreactivity in CA1 neurons 2 hr after glucose correction. This was prevented in rats treated with the nNOS inhibitor 7NI (50 mg/kg) administered during the EEG isoelectric period. Scale bar, 200 M. D, Histological assessment 7 d after hypoglycemia showed substantially less neuronal death in vulnerable brain regions of the 7NI-treated rat brains. Cortex, Layer II of perirhinal cortex; DG, hippocampal dentate granule cells. n ϭ 6 -7; *p Ͻ 0.05. Figure 9 . 3-AB prevented hypoglycemia-induced spatial learning and memory impairments assessed 6 weeks after hypoglycemia. Rats were treated with 30 min EEG isoelectricity with (n ϭ 8) or without (n ϭ 8) 30 mg/kg 3-AB administered at the time of glucose correction, or with sham surgery only (n ϭ 6). A, During both the visible and hidden platform sessions, rats subjected to hypoglycemia showed a significant impairment in ability to locate the platform when compared with either the sham-treated or 3-AB-treated animals (**p Ͻ 0.01). B, In the probe trial, in which the platform was removed from the tank, both sham-operated and 3-ABtreated groups spent significantly more time searching in the target quadrant than in any of the other quadrants (*p Ͻ 0.05), whereas the hypoglycemia only group did not.
established by these studies but may be related to delayed calcium dysregulation after NMDA receptor stimulation (Castilho et al., 1998) . Reduced delivery of substrates to neuronal mitochondria during hypoglycemia may limit mitochondrial electron flux and superoxide production (and hence peroxynitrite formation) until after the glucose supply is reestablished. Similarly, Wieloch and colleagues (Friberg et al., 1998; Ferrand-Drake et al., 1999) have shown that DNA fragmentation, which can trigger PARP activation, is a delayed consequence of hypoglycemia and that inhibition of mitochondrial permeability transition with cyclosporin A can reduce DNA fragmentation and reduce hypoglycemia-induced neuronal death.
The present results suggest a pivotal role for PARP-1 activation in the development of hypoglycemic neuronal death and provide proof of principle that PARP inhibition can rescue neurons that would otherwise go on to die. Hypoglycemic brain injury may be a clinical disorder especially amenable to treatment with PARP inhibitors, given the effectiveness of these agents at time points after the hypoglycemic insults.
